Wide-span and lightweight floors are often prone to structural vibrations due to their low resonance frequency and poor material damping. Their dynamic behaviour can be improved using passive, semi-active or active vibration control devices. The following article proposes a novel method for the controller synthesis for active vibration control. An existing passive TMD (tuned mass damper) is modelled and equipped with an actuator in order to provide more efficient damping. Using an iterative optimization approach under constraints, an optimal controller is found which minimizes a quadratic cost function in frequency domain. A simulation of an existing test bench shows that the active vibration control device is able to provide increased damping compared to the passive TMD.
INTRODUCTION
Lightweight prefabricated elements help to construct buildings efficiently. These elements are planned and build in centralized factories and are then brought to the building site just in time. For the assembly on site no formwork or temporary support structures are needed. This is an enormous advantage especially for wide-span floor structures. These floor-elements must be optimized already in the design stage for transport and material consumption. Lightweight, high-strength and sustainable materials like certain concretes, steel or timber can be used in combination as hybrid structures to benefit from their specific material properties. This allows to reduce the consumption of resources and to create sustainable and lightweight elements. For long spans the serviceability criterion is often determining. However, deflections resulting from static loads can be easily anticipated by pre-cambering or post-tensioning. Due to their low resonance frequencies and poor material damping, lightweight structures are easily excited by low-frequency disturbances like human walking or rotating machines. Today's solution to this problem is to either increase the dead-weight of the floor to reduce its sensitivity or to raise the bending-stiffness of the floor to increase the resonance frequencies. Both solutions imply a higher consumption of material. A novel approach to dynamic problems is the use of Vibration Control Devices (VCD). Large varieties of passive, semi-active and active VCDs have been developed in the recent past. For structures some applications for wind or earthquake induced vibrations can be found since 1990. 1 Research on active vibration of floors has been intensified in the recent past, especially by Hanagan 2 and Reynolds.
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For the vertical floor vibrations, passive tuned mass dampers (TMD) are the simplest way to provide vibration control. It has the advantage, compared to an active tendon system for example, that no fix point is needed on the structure in order to create a damping force. A major inconvenient of this system is however its sensitivity to errors in modelling and to time-varying systems. If an additional mass is put on the floor the resonance frequencies changes and the TMD loses its efficiency. Active vibration control can be advantageous for applications against vertical vibrations.
VIBRATION CONTROL OF FLOORS
This section describes the major challenges for an implementation of active vibration control in buildings.
Structure and Loads
Floors are slim and therefore flexible structures. Their eigenmodes come either in membrane or beam-type forms depending on the architecture of the building and the installed floor system. But in every case the anti-node of the floor moves in a vertical direction. Within the floor there are mostly cables and pipes, so there is not much space for vibration control devices. A trade-off between damping efficiency and the damper dead-weight and stroke has to be chosen carefully. A good knowledge about possible excitation shapes and amplitudes is crucial for this decision. The annoying eigenfrequencies of floors are in the range of 1 to 10 Hz. Modal masses are estimated between 100 kg and 10 to. Dynamic excitations of a floor depend on the usage of the building. They can be impulse or step shaped (for example objects falling on the floor), sinusoidal for rotating machines or random, when people are walking in groups. For this model only vertical vibrations are taken into account. Horizontal vibrations, for example due to an earthquake, must be encountered with appropriate vibration control within the building structure.
AVCD placement
In a building the excitation source is not necessarily at the same place as the problem of its effects. For example in an office floor the excitation (walking person) is transmit from the corridor to the offices and can lead to vibration problems for the workers. Several works have been published about the optimal placement of vibration control devices and their networks.
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It is clear that the optimal placement depends always on the architecture and the usage of a building. When a stabilizing vibration control device is applied in the anti-node of a floor vibration mode it is able to provide good damping around its location. Thus, for every problematic spot on a floor, a small VCD must be applied accordingly.
Power Requirements and Failures
Electric power is essential for an active vibration control device. In the event of a power failure, the vibration control device must not lose its ability to reduce critical vibrations, especially if they are safety relevant. The active tuned mass damper incorporates therefore an inherent passive damping element (dash-pot). In the case of power failures the active VCD acts similar to a passive TMD. Power requirements depend on the excitation and the controller. Controllers with a faster dynamic demand more power than slower ones, but they provide better damping efficiency.
Robustness for special events
In normal service, disturbance forces are only applied on the floor structure (cf. figure 1 ). There is no planned disturbance of the damper mass, except for some measurement error. In the case of an earthquake for example, disturbance forces can act on the damper mass as well and lead to stability problems, if the controller is not designed appropriately. The same problem can be imagined for any future civil works or modifications in the building. The controller must therefore be designed robust to model uncertainties.
ITERATIVE LOOP SHAPING UNDER CONSTRAINTS
In this work an iterative closed loop optimization technique in the frequency domain under constraints is used. The advantage of this method is that only frequency response data of the plant is needed in order to synthesise the controller. A further advantage is that for every frequency point constraints can be applied. This sections explains the method used to synthesize the controller for the Active Vibration Control Device (AVCD). The method is based on the work of Glados. 1 All systems and models in this work are given in discrete representation where z = e jωT with T the sampling time and ω ∈ [0, ω N ].
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Plant modelling
A vibrating structure is simplified to a first order harmonic oscillator with active-controlled tuned mass damper ( Fig. 1) . The dynamic properties of this system depend on the values of the masses, springs and the dash-pot constants. For reason of simplicity the model is purely linear. Let G(z) be the symmetric discrete 2x2-MIMO open loop plant model which connects the actuator force F , the disturbance force on the structure D 1 and the disturbance force on the damper mass D 2 to their position X 1 resp. X 2 .
The coupling of the system G depends strongly on the chosen characteristics. For tuned mass dampers good damping is only achieved when the eigenfrequencies of the structure and the damper are close. 7 The relative gain array (RGA) of G shows therefore strong coupling for frequencies close to the resonance frequency, but is nearly diagonal for frequencies below and above the resonance frequency. Let then K 1 and K 2 be two independent controllers which satisfy:
The resulting force F acts via the actuator on both masses with an opposite sign ( Fig. 2 ). By closing the feedback loop (equation (2) in (1)) the following CLTF is established (3).
Where the closed loop transfer function matrix is (for reason of simplicity without the dependency on z):
The four subsystems g 1,1 ,g 1,2 ,g 2,1 and g 2,2 are the matrix elements of G. Using the sensitivity function S we can rewrite the Closed Loop Transfer Function (CLTF) as:
Measurement noise can be modelled as a multiplicative uncertainty of the system G.
-OLTF 
Controller structure
A fixed order linear parametrized controller 1 is used in this work. The predefined structure vector φ(z) T is multiplied with the parameter vector ρ. The structure of φ is chosen as follows:
Other structure vectors can be applied as long as causality is fulfilled. When poles are applied in the controller structure, these are transformed into controller poles without any change in frequency and damping. 
Objective function
The goal of the algorithm is to have the lowest possible peak in the dynamic response X 1 to any perturbation D 1 . The optimization is therefore run on the closed loop subsystem G CL1,1 only. The other subsystems are of minor importance and are controlled via the applied constraints.
The objective function in this work is the 2-norm of the difference between the CLTF (Closed-Loop Transfer Function) G CL1,1 and a desired transfer function G CLD .
Appropriate desired closed loop behaviour is shown on figure 3 and 4. A comparison with (4) shows that the chosen objective function is non-linear. An iterative minimization is run to find optimal values for the controller. Figure 3 and 4 show the open-loop and desired closed-loop behaviour in frequency and time domain. It is clear that the desired behaviour is in reality never achieved. Certain constraints need to be verified in order to guarantee stability and robustness. This section provides information about the different constraints.
Constraints
Causality The causality of the controller is determined by its structure vector φ (cf. section 3.2). As long as all elements of φ are causal their weighted sum is also causal.
Robust performance Robust performance of a system 8 with multiplicative uncertainty model is given when:
Therefore, for every frequency must be in the discrete case:
For the discrete MIMO-system we need to analyse the absolute values of the eigenvalues of L. 9 For diagonal performance and robustness filter W 1 (z) = Iw 1 (z) and W 2 = Iw 2 (z) this lead to:
Due to the coupled actuator the loop transfer function L(z) is of rank 1 and only one eigenvalue = 0 exists. For λ(L(z)) = 0 we find that |w 1 | < 1, which is fulfilled for the definition according to Doyle.
8
The right-hand side of (9) is the distance of λ(L(z)) to the critical point (−1, 0). This distance must be bigger than the double-circle around the critical point with outer radius figure 5 ). By linearizing (9) using an approach proposed by Galdos, 1 one gets a convex set of linear constraints which can be applied to the iterative optimization. This linearisation approach is equivalent to a first order Taylor series. 
Permanent Gain
The permanent gain of the closed loop system must be equal to that of the open loop system. If a constant perturbation acts on the structure (increase of the dead-weight) no action is required from the actuator. The open loop system is linked to the closed loop system by the sensitivity function S. Therefore the following constraint must be fulfilled:
or lim
Therefore lim z→1 det (I − S(z)) must be equal to zero because lim z→1 det G(z) = 0. A simple solution is K = 0. More complex solutions are possible depending on the chosen parameter values. Following constraints must be fulfilled:
Frequency response amplitude For a given harmonic disturbance D 1 the frequency response plot of G 1,1 provides information about the vibration amplitude X 1 of the structure. Similar the frequency response plot of G 2,1 shows the amplitudes of the damper mass X 2 . It is clear, that for a real system the stroke of the damper mass must be within certain boundaries. We can therefore set constraints on the maximum stroke of X 2 for a harmonic disturbance.
We can assume that the influence of D 2 on X 2 is small compared to D 1 because the damper mass m 2 is not accessible in reality and therefore no D 2 occurs.
A first order Taylor series provides the linear constraints for the optimization in every iteration step. The maximum allowed dynamic amplification µ is defined as a fraction of the dynamic amplification in open loop |G OL2,1 |. It is clear that the dynamic response of the closed loop system to a non-harmonic disturbance cannot be fully controlled with this constraint.
Actuator force Similar to the above mentioned constraints on the frequency response function we can apply constraints on the maximum actuator force for a given harmonic disturbance.
with η the maximum relative actuator force. It is important to notice that this constraint works only for well-known disturbances. Arbitrary disturbances (for example white noise) can lead to higher actuator forces.
Algorithm
The iterative optimization algorithm works as follows: 
SIMULATION RESULTS
In this sections simulation results of an AVCD are compared to that of a passive mass damper tuned according to Den Hartog. For the simulation a LTI-model of an existing test bench was used. It consists of a 19m long pre-stressed concrete beam equipped with a tuned mass damper (cf. figure 6 ). This beam is used for educational purposes at the earthquake engineering and structural dynamics laboratory at the ETH Zürich. The concrete beam is hold on two simple supports with a distance of 17.4 m. On one side the support allows a longitudinal movement. The TMD is tuned according Den Hartog. 7 It is placed on the anti-node of the first bending mode. The goal of the TMD is to control the vertical vibrations. A discrete linear time-invariant model of the first bending mode is used during the following simulations. Timedomain results are calculated using a Simulink model. Numerical values and parameter for the optimisation are given in table 1. A controller was synthesized using the above described method (cf. section 3). A simple linear transformation of the outputs is applied in the simulation. The output Y 1 = X 1 is the absolute position of the structure, while Y 2 = X 2 −X 1 is the relative distance between the damper mass and the structure. Figure 7 shows the dynamic amplification of the structure and the damper mass for harmonic disturbances (for example a turning machine working on a shop floor). Strong reduction of the maximum dynamic amplification is achieved. The figure shows that the best passive solution according to Den Hartog 7 provides still about 45% higher dynamic amplification than the active vibration control device. A consequence of the lower absolute dynamic amplification of the structure is a higher amplitude of the damper mass for a large range of frequencies. This can be explained by the waterbed-effect (Bode's sensitivity integral), which acts on the determinant of L for a MIMO system. 9 If on one sub-system in closed loop an improvement is achieved, it must be compensated either in the same subsystem in another frequency range on in another subsystem.
Frequency response function

Nyquist diagram
The Nyquist diagram (cf. figure 8) shows that the path of the eigenvalue of L passes on the right hand side of the critical point and does not encircle it. This means that neither poles nor zeros are outside the unity circle and the system is therefore stable in closed loop. A zoom on the critical point ( figure 8, right) proves that the performance distance w 1 as well as the robustness w 2 are satisfied. The eigenvalues analyse of the loop transfer function provides information about the stability of the system to any input disturbance. In order to verify the performance for a real MIMO-system one needs to analyse singular values of the sensitivity function S. 9 For the rare case that both disturbances D 1 and D 2 occur it is possible that the performance criterion is not fulfilled. Figure 9 shows the time domain response to a step disturbance of 1 kN. This sort of disturbance occurs for a heel-drop or a heavy object falling on the floor. A strong reduction of the amplitude and the settling time of the structure is achieved. As a consequence of the effect which is visible on figure 7 , the amplification of the damper mass is higher in closed loop than for the open loop system. The lower part of figure 9 shows that, due to the controller, the damper mass (X 2 ) reacts faster and is pushed actively by the actuator in order to create a damping force. The damper mass of the TMD reaches the maximum amplitude only after about 0.7s, while for the active VCD already at 0.4s the maximum damper amplitude is achieved. Figure 10 shows the actuator force f and power consumption of the actuator for a step disturbance of 1 kN. A peak force of about 120 N is needed in order to damp the system (left scale). After about 1.7 the force is practically zero. The power consumption is proportional to the relative velocity between the two massesẎ 2 . A maximum peak power of 5 W is needed. This value represents the physical power. It is clear that in reality due to losses in the controller, amplifier and actuator the power consumption is higher.
Disturbance step response in time domain
Actuator force and power
Robustness
The AVCD has shown good results for the well-tuned system. Let's assume that the modal mass of the structure changes due to an important load by 10% (m 1 = 1.1 m 1 ). Therefore the resonance frequency of the floor changes by and the TMD is detuned by about 5%. Figure 11 shows a comparison of the step response of the tuned and detuned system. On the left side of figure 11 the step response (disturbance D1 of 1kN) of the optimal TMD is compared to the optimal AVCD. The right side shows the same information for the detuned case. 
CONCLUSION
The simulation results presented in section 4 prove that active vibration control provide better and faster damping than an optimal-tuned passive TMD. The actuator force and power requirements are within reasonable boundaries compared to the structure dimensions. The results show that the chosen method for the controller synthesis is well-adapted for this sort of problems. The chosen controller is stable and fulfils the demanded performance and robustness constraints. The optimization algorithm described in section 3 requires about 10 min of calculation time.
For the simulations the vibrating structure has been simplified. The results of the future experimental tests are therefore expected to be less optimal due to modelling and measurement errors. The results show that floor vibrations can be controlled using a relatively low damper mass and do not require an enormous amount of force and power. An application in a light weight floor system can be imagined.
OUTLOOK
The first simulation results have shown a strong improvement of the dynamic behaviour of the structure by applying an active vibration control device. In a next step these results have to be verified in experiments. A first series of in-lab test is planned for spring/summer 2016 on the concrete test-rig described in section 4. The results will be published in a future paper.
